Mitochondria are strategically and dynamically positioned in the cell to spatially coordinate ATP production with energy needs and to allow the local exchange of material with other organelles. Interactions of mitochondria with the sarco-endoplasmic reticulum (SR/ER) have been receiving much attention owing to emerging evidence on the role these sites have in cell signaling, dynamics and biosynthetic pathways. One of the most important physiological and pathophysiological paradigms for SR/ER-mitochondria interactions is in cardiac and skeletal muscle. The contractile activity of these tissues has to be matched by mitochondrial ATP generation that is achieved, at least in part, by propagation of Ca 2+ signals from SR to mitochondria. However, the muscle has a highly ordered structure, providing only limited opportunity for mitochondrial dynamics and interorganellar interactions. This Commentary focuses on the latest advances in the structure, function and disease relevance of the communication between SR/ER and mitochondria in muscle. In particular, we discuss the recent demonstration of SR/ER-mitochondria tethers that are formed by multiple proteins, and local Ca 2+ transfer between SR/ER and mitochondria.
Introduction
Isolated mitochondria are competent to produce energy on their own and are not particularly responsive to changes in their environment that mimic intracellular signals. These observations supported the early view that mitochondria, the putative descendents of free-living proteobacteria, maintained autonomy inside the cells and became powerplants that are regulated individually by substrate availability (Kurland and Andersson, 2000) . However, in the cells, mitochondria are commonly visualized at specific locations and in physical interaction with other structures (Ardail et al., 1993; Rizzuto et al., 1998; Csordás et al., 2010) and dynamically change their distribution in response to various stimuli (McBride et al., 2006) . Furthermore, recording mitochondrial function inside the cells provided evidence that mitochondria not only sense and respond to cellular signals, but they also, in many instances, are locally controlled by their strategic localization or transfer signals through local interactions (Rizzuto et al., 1998; Csordás et al., 2010) .
A few aspects of the dynamic encounters of mitochondria with cellular structures are illustrated in Fig. 1 , including mitochondria forming an interface with the sarco-endoplasmic reticulum (SR/ER), which allows the local transport of material and effective signal transduction between the two organelles (Fig. 1A) . The emerging information on the structure and specific functions of SR/ER-mitochondria interactions in muscle cells is the main focus of this Commentary. In addition, there are areas of high mitochondrial density in which soluble molecules released from a mitochondrion into the cytoplasm can locally affect the function of neighboring mitochondria (Fig. 1B) . This mechanism allows the release of Ca 2+ or reactive oxygen species (ROS) from a subset of mitochondria to trigger Ca 2+ or ROS release from the adjacent mitochondria (Ichas et al., 1997; Zorov et al., 2000; Pacher and Hajnóczky, 2001; Aon et al., 2003) . The initial signal can thus be propagated throughout the mitochondrial population in a regenerative manner. Pro-apoptotic Bcl-2 family proteins also employ propagation mechanisms in the mitochondrial population to execute cell death (Lartigue et al., 2008; Garcia-Perez et al., 2012) . In response to apoptotic stimuli, mitochondria release activators of the cytoplasmic components of the apoptotic cascade (e.g. cytochrome c), as well as factors that act on neighboring mitochondria to trigger additional release events (Pacher and Hajnóczky, 2001) . This lateral signaling between mitochondria can promote propagation of a full strength apoptotic signal inside a cella distance that can be over several hundred micrometers -within a few minutes. Therefore, this mechanism might be particularly important for coordinated execution of apoptosis in large cells abundant in mitochondria, such as myocytes of cardiac muscle and fibers of skeletal muscle.
Mitochondria can also be in physical contact with each other and undergoing membrane fusion (Fig. 1C) . Mitochondrial fusion supports the uniform distribution of the soluble matrix and intermembrane space (IMS) constituents, as well as of components of the outer and inner mitochondrial membranes (OMM and IMM, respectively) in the mitochondrial population (Chan et al., 2006; Twig et al., 2008; Liu et al., 2009 ). The mitochondrial fusion-fission cycle is also a means for segregating damaged mitochondrial components (Twig et al., 2008) . On the basis of the functional impairments observed upon deletion of OMM fusion proteins, mitochondrial fusion has been proposed to be essential for both skeletal (Chen et al., 2010) and cardiac ) muscle development and function.
The positioning of mitochondria for the above-described interactions is supported by mitochondrial anchorage to cytoskeletal structures (Fig. 1D) . In many mammalian cell types, mitochondria are aligned with and move along microtubules, but can also interact or travel along microfilaments or intermediate filaments (Milner et al., 2000; Yi et al., 2004; Anesti and Scorrano, 2006) . Microtubule-assisted mitochondrial movements are required for their deposition throughout neuronal processes (Saxton and Hollenbeck, 2012) and for both mitochondrial fusion and fission . Because of the strict structural arrangements of cardiomyocytes and muscle fibers, the existence and relevance of mitochondrial movements in muscle is less clear. Cytoskeleton-dependent positioning of mitochondria is also necessary for heterotypic organellar interactions (Fig. 1) . The different interactions of mitochondria described above can impact on each other (e.g. ER-mitochondrial associations form sites for mitochondrial fission) (Friedman et al., 2011) . Collectively, these findings illustrate that mitochondria can receive various local inputs from many cell constituents and produce signals that can locally and globally affect a range of cellular components. In this Commentary, we will focus on the bidirectional coupling of mitochondria with the SR/ER, analyzing first the structural, then the functional interaction between these organelles, and finally, the possible role of its dysregulation in muscle-specific pathologies.
Structural interactions between SR/ER and mitochondria in different cell types A close association between ER and mitochondria was initially described in electron microscopy images of liver tissue (Morré et al., 1971; Shore and Tata, 1977) . A stable interorganellar interaction was indicated when tissue fractionation studies revealed an ER membrane contamination in isolated mitochondria, referred to as mitochondria-associated membranes (MAMs) (Vance, 1990) . A close proximity between ER and mitochondria in live cells was first observed by coexpression of two differently colored fluorescent proteins targeted to these organelles and the three-dimensional reconstruction of high-resolution fluorescent microscopy images (Ardail et al., 1993; Rizzuto et al., 1998) . The actual physical links, known as tethers, were first visualized by electron tomography, and found to be made of protein(s) as they could be disrupted by limited proteolysis (Csordás et al., 2006) .
A number of molecular entities have been described to support the physical interaction between the ER and mitochondria. These Fluorescent proteins targeted to ER (ER-GFP) and mitochondria (MitoRFP) were expressed in RLB-2H3 cells and viewed using confocal microscopy followed by three-dimensional reconstruction. The physical tethering between ER and mitochondria (blue rectangle in scheme) facilitates local transfer of Ca 2+ (green arrow) and membrane constituents. (B) Intermitochondrial coupling mediated by soluble molecules. Imaging of the mitochondrial membrane potential loss in H9c2 myotubes as reported by a potentiometric probe (TMRE) illustrates the spatial organization of mitochondrial apoptosis as a regenerative wave. The propagation of membrane permeabilization among individual mitochondria is mediated by factors that are released from the first responding mitochondria during permeabilization and promote permeabilization of the neighboring mitochondria. (C) Intermitochondrial content exchange mediated by fusion. Time course of a typical mitochondrial transient fusion is shown by photoactivatable fluorescent protein technology. The donor mitochondrion containing the photoactivated Kindling protein (MitoKP) aligns with the acceptor (MitoGFP), followed by content mixing. Within seconds the pair has reseparated at the apparent site of fusion and moved apart. (D) Mitochondrial transport along microtubules. In the image mitochondria (MitoDSRed) are aligned with microtubules (TubulinGFP). The images shown in A and C are adapted with permission from Spät et al., 2008 with permission from Elsevier, and Liu et al., 2009, respectively . Images shown in B and D were acquired as described in Yi et al., 2004. include protein complexes, such as that formed between the molecular chaperone Grp75 (also known as HSPA9) and the inositol trisphosphate (InsP 3 ) receptor Ca 2+ channel (IP3R) in the ER, the voltage-dependent anion channel 1 (VDAC1) located in the OMM (Szabadkai et al., 2006) , or the complex between mitofusin 2 (MFN2) located in the ER with either mitofusin 1 (MFN1) or MFN2 in the OMM (de Brito and Scorrano, 2008) , as well as the ERMES complex that has been described in yeast (Kornmann et al., 2009) . Besides IP3R and VDAC1, other Ca 2+ -binding proteins localize to the MAM, including AMF-R (Wang et al., 2000) , Miro1 (Fransson et al., 2003; Kornmann et al., 2011) and the ryanodine receptor Ca 2+ channel (RyR2) in the cardiac muscle . Additionally, many signaling proteins have been described to reside at the MAM (Fujimoto and Hayashi, 2011; Lynes and Simmen, 2011) .
The interactions of mitochondria are subject to a dynamic environment. In the peripheral cytoplasm, SR/ER and mitochondria commonly appear as discrete structures that form SR/ER-mitochondrial complexes and move in a coordinated manner, maintaining an unaltered interface (Spät et al., 2008; Friedman et al., 2010) . However, in the perinuclear zone of cells, the extensive SR/ER and mitochondria usually form continuous networks with only limited long-range movements. Here, mitochondria often appear to slide along the SR/ER (David Weaver and G.H., unpublished observations). This movement would force the interface-forming structures to continually reorganize or to move laterally in the membrane(s). Control of the ER-mitochondrial movements takes place both at the level of the tracks, for example, acetylation of microtubules favors the ER-mitochondrial sliding (Friedman et al., 2010) , and at motor complexes, which can be inhibited by cytoplasmic [Ca 2+ ] elevations (Yi et al., 2004; Brough et al., 2005) . The interface also shows tightening during ER stress conditions (Csordás et al., 2006) and disruption during high [Ca 2+ ] exposure (Goetz et al., 2007) . Thus, SR/ER-mitochondrial coupling is modulated by both cell dynamics and signaling.
Cardiomyocytes and skeletal muscle fibers present a complex and unique architecture ( Fig. 2A ; for details see Box 1). SR/ER-mitochondria associations have been visualized in vivo using synthetic interorganellar linkers in cardiac-musclederived cell lines (Fig. 2B) (Csordás et al., 2010) , rat cardiomyocytes and skeletal muscle fibers (G.C., V.E. and G.H., unpublished data).
The structural relationship between SR and mitochondria in cardiac and skeletal muscle
In transmission electron microscopy (TEM) of cardiac muscle, 90% of the Ca 2+ release units (CRUs) are close to mitochondria, with an average distance of 37 nm between the RyR 'foot' on the junctional SR (jSR) and the mitochondrial surface (Sharma et al., 2000) . Most RyR2 molecules are located as part of the CRU in the gap between SR and transversal tubules (TTs) (Fig. 3A) . A small subgroup of RyR2s can be localized close to perinuclear mitochondria (Lukyanenko et al., 2007; Salnikov et al., 2009 ). In the areas of jSR-mitochondria associations, the highly folded IMM always has at least one contact point with the OMM. Furthermore, the contact points are enriched in the VDAC channels that mediate Ca 2+ transfer across the OMM (García-Pérez et al., 2011) . Thus, the arrangements of the jSR-OMM-IMM might provide a 'highway' for Ca 2+ delivery from the SR to the mitochondrial matrix.
Tethers have been observed in the muscle between mitochondria and jSR or network SR (nSR), and less frequently TTs (Boncompagni et al., 2009; Hayashi et al., 2009) . The role of MFN2 in tethering is currently debated since in MFN2-ablated heart, both unaltered SR-mitochondrial associations (Papanicolaou et al., 2011) and structural derangements have been reported. The reason for the discrepancy between these works might be due to the different parameters that have been evaluated or the different approaches used for the establishment of the knockouts. Interestingly, biochemical analyses have demonstrated that fulllength MFN2 is predominantly present in the OMM, whereas a lower-molecular-mass protein that is recognized by antibodies against the MFN2 N-terminus is found in the fractions that contain MAM (García-Pérez et al., 2008; García-Pérez et al., 2011) . Another study provided evidence for an RyR2-and VDAC2-containing protein complex in cardiac muscle (Min et al., 2012) . Thus, MFN2-related proteins and VDAC2 probably have a role in stabilizing SR-mitochondrial interactions in cardiac muscle.
Transmission electron microscopy (TEM) of skeletal muscle has shown that the distance between the RyR foot and the OMM is 130 nm. Opposite to the RyR-containing SR surface, there are tethers between the jSR and OMM (Fig. 3A) , with an average length of 10 nm. Tethers have also been visualized between the nSR and OMM. Notably, the distribution of mitochondria in mouse skeletal muscle changes during development, from a longitudinal arrangement towards a triad-adjacent location running in parallel to the z-lines. In parallel, the frequency of tethers increases during the first four postnatal months (Boncompagni et al., 2009) . Furthermore, there are extensive associations between SR and mitochondria in mammalian muscle, whereas lower vertebrates display a less-extensive interface (Franzini-Armstrong and Boncompagni, 2011) . TEM studies have, thus far, only been complemented by the demonstration of co-purification of SR with mitochondria (Mitchell et al., 1983) and with live-cell co-localization studies of SR-mitochondrial interactions ( Fig. 2A) .
In summary, the existence of SR-mitochondria tethers has been demonstrated in both cardiac and skeletal muscle. However, the molecular entities that constitute the tethers remain elusive. With regard to a possible role of MFN2, a question remains as to whether the knockout phenotype is indeed caused by impaired SR-mitochondria tethering or the lack of other functions of this protein. The impact SR-mitochondria coupling has on the entire mitochondrial population depends on the fusion state of the mitochondria, as connectivity among mitochondria helps to spread signals generated by the SR/ERmitochondria coupling to other mitochondria. Functional consequences of knockout of MFN1 or MFN2, including mitochondrial fragmentation have been established in cardiac Papanicolaou et al., 2011) and in skeletal muscle (Chen et al., 2010) , but it remains elusive whether mitochondrial fusion actually occurs in skeletal muscle. Novel approaches used in simpler cellular models could be useful to elucidate the processes involved in the dark secrets and mysteries of SR/ER-mitochondria coupling in the muscle. For instance, synthetic SR/ER-mitochondria linkers will be useful to test the relevance of SR-mitochondria linkage in muscle cell physiology (Csordás et al., 2006; Kornmann et al., 2009; Csordás et al., 2010) . To validate specific protein constituents of (B) Visualization of the sites of close SR/ER-mitochondrial associations in a live cardiac-muscle-derived cell (H9c2) cell by drug-inducible synthetic interorganellar linkers. The scheme on the left illustrates the rapamycin (Rapa)-inducible bridge-forming modules. Specifically, the OMM-and SR/ER-targeting sequences were coupled with the two components of the FKBP (FK506 binding protein 12)-FRB (FRB domain of mTOR) heterodimerization system, respectively. Addition of rapamycin causes heterodimerization between adjacent FKBP and FRB domains to rapidly connect the SR/ER-and OMM-targeted anchors. Induction of the bridge formation is initially confined to the areas where the SR/ER and OMM were naturally close. On the right, confocal images show the broad SR/ER and mitochondrial distribution of the respective fluorophores before and enrichment (colocalization of the CFP and RFP tags) at the sites of the SR/ER-mitochondrial interface after 3 minutes of 100 nM rapamycin treatment (bottom row). Note the rapamycin-induced colocalization of CFP and mRFP appears in white on the overlay images. For technical details see Csordás et al., 2010 . The scheme is adapted with permission from Csordás et al., 2010 with permission from Elsevier. (C) TEM image of a membrane complex formed by TT and jSR (the diad) in close association with a mitochondrion (M) in cardiac muscle. In the magnified schematics of the jSR-mitochondrial interface (right), two forms of the tethering mechanisms are depicted. 'Professional' tethers refer to those proteins that are known to provide only structural support for the interface. MFN2 is a candidate to support SR-to-mitochondria juxtaposition. Signaling complexes provide both structural support and communication between SR/ER and mitochondria, and include the s1 receptor, mitostatin, RAB32, phosphofurin acidic cluster sorting protein 2 (PACS2), ryanodine receptor (RyR) and voltage-dependent anion channels (VDACs). TT, transversal tubule; jSR, junctional SR; OMM, outer mitochondrial membrane; IMM, inner mitochondrial membrane.
the SR/ER-mitochondria interface, genetic tags for proteins that can be detected by electron microscopy [e.g. mini Singlet Oxygen Generator (Shu et al., 2011) ] are now available and might be useful.
Functional role of SR-mitochondria communication
Mutation of the ERMES complex, the putative ER-mitochondria tethering factor, is lethal in yeast. The mutant strain can be rescued by synthetic ER-mitochondria linkers, indicating that the physical linkage between ER and mitochondria is essential for yeast survival (Kornmann et al., 2009) . In mammalian cells, destruction of the ERmitochondrial linkage causes the specific loss of the IP3R-mediated Ca 2+ transfer to the mitochondria and the ensuing stimulation of oxidative metabolism (Csordás et al., 2006) . Specific roles of SR/ ER-mitochondria associations have been identified in different cellular processes, including biosynthetic pathways, local signaling and membrane dynamics, as discussed below (Fig. 3A) .
Biosynthetic pathways -phospholipid biosynthesis and protein transport
The term MAM was first used to describe a subcellular fraction that is associated with mitochondria and displays a high activity for several phospholipid biosynthetic enzymes previously ascribed to ER (Vance, 1990) . This finding was complemented by the reconstruction of phosphatidylserine metabolism in a cell-free system that consisted of microsomes and mitochondria (Voelker, 1989) and by the subsequent demonstration of interorganellar phospholipid transfer between the ER and mitochondria (Ardail et al., 1993; Gaigg et al., 1995 ; for a recent review see Rowland and Voeltz, 2012) . Evidence for a requirement of the ERMES complex in yeast in lipid transport has been presented (Kornmann et al., 2009 ), but was not reproduced in a subsequent study . It has also been suggested that there is protein transfer at the ER-mitochondria associations, in particular for proteins that are present in both the ER and OMM (e.g. Bcl-xL). Some
Box 1. Structural organization of the muscle
The structure of cardiomyocytes and skeletal muscle fibers is determined by the sarcomeres that contain the contractile myofibrils and are interrupted by invaginations of the sarcolemma, known as the transversal tubules (TTs) that are juxtaposed to a specialized region of the SR, the junctional SR (jSR) (see figure) . The voltage-dependent L-type Ca 2+ channels (Cav1.2, also known as CACNA) are concentrated in the TT, whereas the RyRs are primarily present on the regions of the jSR, facing the TT. The jSR stores large amounts of Ca 2+ that is mostly bound to calsequestrin (CSQ, also known as CASQ). When an action potential propagates along the sarcolemma and the TT, Cav1.2s are stimulated and spread the activation to RyRs, which release Ca 2+ from the SR to trigger contraction, a phenomenon known as excitation-contraction (EC) coupling. Both Cav1.2 and RyR have tissue-specific subunits that form the so-called Ca 2+ release units (CRUs). Heart expresses Cav1.2a 1c (CACNA1C) and RyR2, whereas skeletal muscle expresses Cav1.2a 1s (CACNA1S) and RyR1 (Dulhunty, 2006) . The coupling between the Cav1.2 and RyR is also tissue specific. In the heart, Cav1.2a 1c to RyR2 coupling depends on Ca 2+ entry, whereas in the skeletal muscle, Cav1.2a 1s and RyR1 are physically coupled and RyR1 activation relies on the conformational change encountered by Cav1.2 upon voltage sensing (see Fig. 3B ). The jSR and TT form diads (consisting of one jSR and one TT) in the heart, and triads (two jSRs and one TT) in skeletal muscle (see figure) (Franzini-Armstrong et al., 1998) . In addition to the jSR, other regions of the SR, such as the corbular SR and the network SR (nSR) of cardiomyocytes also contain RyR2 (Franzini-Armstrong et al., 2005; Lukyanenko et al., 2007) .
Mitochondria occupy ,40% of the cell volume in cardiomyocytes and ,20% in skeletal muscle fibers (Isaeva et al., 2005) and are mostly located among the myofibrils. In ventricular cardiomyocytes, intermyofibrillar mitochondria fill the space parallel with the myofibrils, whereas in skeletal muscle fibers, mitochondria are localized close to the CRUs (see Fig. 2A ). Neonatal cardiomyocytes or skeletal myotubes, as well as adult atrial myocytes have a less developed architecture where every cellular organelle enjoys a higher level of freedom.
evidence has been presented for the interorganellar transfer of the human cytomegalovirus protein vMIA (Bozidis et al., 2008) , but a direct ER-mitochondria protein transfer remains to validated.
Local signaling
Cytoplasmic Ca 2+ ([Ca 2+ ] c ) spikes and oscillations propagate to the mitochondrial matrix and stimulate oxidative energy production (Rizzuto et al., 1993; Hajnóczky et al., 1995; Jouaville et al., 1999) . Constitutive Ca 2+ release through IP3Rs has also been proposed to be essential for maintaining cellular bioenergetics (Cárdenas et al., 2010) . However, the IP3R-mediated transient increases of global [Ca 2+ ] c peak in the submicromolar range and would not activate the low-affinity mitochondrial uniporter. Instead, it was proposed that much higher and short-lasting local [Ca 2+ ] c increases in the vicinity of IP3Rs stimulates Ca 2+ uptake by adjacent mitochondria (Rizzuto et al., 1993; Rizzuto et al., 1998; Csordás et al., 1999) . More recently, [Ca 2+ ] has been quantified as $10 mM at the ERmitochondria interface, directly confirming that mitochondria can sense high [Ca 2+ ] c microdomains in the vicinity of the ER (Csordás et al., 2010; Giacomello et al., 2010) . In further support for the role of the ER-mitochondria interface in Ca 2+ signaling, mitochondrial Ca 2+ uptake has been shown to modulate the local Ca 2+ feedback regulation of IP3Rs (Jouaville et al., 1995; Simpson and Russell, 1996; Hajnóczky et al., 1999) . Mitochondrial ATP production is relevant for locally supporting the activity of the Ca 2+ ATPase SERCA and, in turn, the refilling of the ER/SR Ca 2+ stores (Landolfi et al., 1998; De Marchi et al., 2011) . In addition to stimulating oxidative ATP production, local Ca 2+ delivery from the SR/ER to mitochondria can also control other Ca 2+ -sensitive mechanisms at the mitochondrial matrix and in the mitochondrial membranes. Of particular interest is that the IP3R-mediated local Ca 2+ transfer can trigger apoptosis under conditions of cellular stress (Szalai et al., 1999; Pinton et al., 2001) .
ROS are involved in both physiological signaling and induction of cell injury. Mitochondria generate ROS through the electron transport chain, whereas the oxidative folding machinery in the ER produces H 2 O 2 and includes ERO1, which is localized to the MAM Anelli et al., 2012) . ROS can change the activity of both ER and mitochondrial Ca 2+ transport mechanisms, and ROS production itself is also affected by Ca 2+ (Brookes et al., 2004) . Thus, mutual local interactions between Ca 2+ and ROS signaling are likely to occur and control various functions at the SR/ER-mitochondria associations (Csordás and Hajnóczky, 2009 (Breckenridge et al., 2003; Iwasawa et al., 2011) . The promyelocytic leukemia (PML) tumor suppressor also localizes to the ER and MAM and forms a complex with IP3R, Akt and PP2A to control Ca 2+ transfer to the mitochondria and the induction of apoptosis via the phosphorylation state of the IP3R (Marchi et al., 2008; Giorgi et al., 2010) . The GTPase Rab32 localizes to both the ER and OMM and controls the distribution and activity of several MAM proteins to influence the activation of mitochondrial apoptosis . Another type of local crosstalk is mediated by cytochrome c, which is released from the mitochondria to enhance IP3R-mediated Ca 2+ release and, in turn, further stimulates mitochondrial membrane permeabilization and cytochrome c release (Boehning et al., 2003) . Additional signaling proteins that are localized to MAM are the chaperone s1 receptor, which can sense ER Ca 2+ and regulate its ER-mitochondrial transfer (Hayashi and Su, 2007) , the sorting protein PACS2, which localizes the ER chaperone calnexin to the MAM (Myhill et al., 2008) and controls cell fate (Simmen et al., 2005) , and mitostatin, which modulates the ERmitochondrial interface in an MFN2-dependent manner and regulates Ca 2+ transfer and apoptosis (Cerqua et al., 2010) . These results illustrate the presence of a complex protein array at the ER-mitochondrial interface, which utilizes direct protein-protein interactions, post-translational modification and modulation of Ca 2+ transport to control cell survival and death. Regarding lipids, the composition of the MAM resembles that of lipid rafts, supporting their relevance as signal integration domains (Area-Gomez et al., 2012). Ceramide and other sphingolipids are produced at the ER, mitochondria and also in the MAM (Bionda et al., 2004; Sano et al., 2009; Novgorodov et al., 2011) . These lipids can evoke OMM permeabilization and apoptosis, either on their own (Siskind et al., 2002; Stiban et al., 2008) by stimulating the Bax-Bak pathway (Chipuk et al., 2012) or by interacting with Ca 2+ (Szalai et al., 1999; Pinton et al., 2001; Sano et al., 2009 ). Thus, the local lipid dynamics converges with proteins and Ca 2+ in the control of cell survival. In addition to the specific functions of individual MAM constituents, the MAM, as a complex entity, provides membrane components for autophagosome formation (Hailey et al., 2010) and marks the mitochondrial division planes to contract the mitochondria and allow dynamin-1-like protein (DRP1)-mediated fission (Friedman et al., 2011) . (Trollinger et al., 1997; Ohata et al., 1998; Matlib et al., 1998) and neonatal cardiomyocytes (Robert et al., 2001b (Bell et al., 2006; Kettlewell et al., 2009; Lu et al., 2013) , although the amount of Ca 2+ taken up by the mitochondria during each spike remains to be determined.
Functional relevance of the SR/ER-mitochondrial interface in muscle
Regarding the second question of whether there is a local SR-to-mitochondria Ca 2+ transfer, it has been reported that RyR activation evokes a detectable [Ca 2+ ] m rise in adult cardiomyocytes, even when the [Ca 2+ ] c transients were suppressed by 1,2-bis-(o-aminophenoxy)ethane-N,N,N9,N9-tetraacetic acid (BAPTA), providing evidence for local SRmitochondrial Ca 2+ transfer (Sharma et al., 2000) . Similarly, in differentiated H9c2 cells, both depolarization and caffeine triggered a rise in [Ca 2+ ] m that resisted cytoplasmic Ca 2+ buffering with a slow chelator (Szalai et al., 2000) . Furthermore, in the same model, fundamental SR Ca 2+ release events (Ca 2+ sparks) were shown to cause a miniature [Ca 2+ ] m transient in the most adjacent single mitochondrion; these events were referred to as 'Ca 2+ marks' (Pacher et al., 2002) . On the basis of pharmacological evidence, Ca 2+ marks depend on mitochondrial Ca 2+ uptake and their decay phase is controlled by the mitochondrial Na + /Ca 2+ exchanger (Pacher et al., 2002) . Interestingly, transient mitochondrial depolarizations, often confined to a single mitochondrion and referred to as flickers, have also been described in cardiomyocytes. Flickering was blocked upon treatment with thapsigargin or ryanodine, indicating dependence on Ca 2+ release from the SR (Duchen et al., 1998) . As direct evidence for the exposure of cardiac mitochondria to high [Ca 2+ ] c , microdomains or 'Ca 2+ hot spots' on OMM were recorded in neonatal cardiomyocytes during [Ca 2+ ] c oscillations (Drago et al., 2012) . Furthermore, co-purification of SR with cardiac mitochondria allowed the demonstration of caffeine-induced local Ca 2+ transfer from SR to the physically coupled mitochondria (García-Pérez et al., 2008) . Finally, studies performed in H9c2 myoblasts and differentiated cells described a differentiationdependent switch from IP3R-mitochondrial to RyRmitochondrial local Ca 2+ signaling (Yi et al., 2012) . Thus, the opportunity for local RyR2-mitochondrial Ca 2+ transfer occurring at the SR-mitochondrial associations has now been established (Fig. 3B) . Early studies have shown the activity of Ca 2+ -sensitive matrix dehydrogenases (CSMDHs) in isolated heart mitochondria (McCormack and Denton, 1989) and that extramitochondrial Ca 2+ increase can rapidly enhance the activities of CSMDH and ATP synthase to stimulate ATP production (Territo et al., 2001) . In H9c2 cells, [Ca 2+ ] m transients produced by local Ca 2+ transfer from RyR to the mitochondria result in increased NAD(P)H fluorescence, reflecting CSMDH activation in vivo (Pacher et al., 2000; Szalai et al., 2000) . More recently, using mitochondrialocalized luciferase in cardiomyocytes, it has been shown that ATP levels increase when workload is increased by means of ionotropic stimulation with isoproterenol (Ginsburg and Bers, 2004) . However, without stimulation, there are no fluctuations in ATP levels in paced rabbit myocytes (Bell et al., 2006) . Collectively, these results suggest that local Ca 2+ delivery to the mitochondria is a key to coupling the stimulation of energy metabolism with contraction in cardiac muscle. Mitochondrial Ca 2+ uptake and ATP production might also exert some feedback effects on the neighboring RyR2s given that interference with mitochondrial activity affected Ca 2+ spark generation in H9c2 cells (Pacher et al., 2002) .
Mitochondria Ca
2+ uptake in skeletal muscle
Expression of mitochondrial-matrix-targeted aequorin in skeletal muscle myotubes gave rise to [Ca 2+ ] m transients upon RyRmediated Ca 2+ release that were stimulated by caffeine or plasma membrane depolarization (Brini et al., 1997 (Rapizzi et al., 2002) . On the basis of these data, it was concluded that enhancement of the Ca 2+ permeability by the overexpressed VDAC is needed to optimize the local transfer of the brief high- [Ca 2+ ] c microdomains during RyR-mediated [Ca 2+ ] m transients (Rapizzi et al., 2002) . In vivo recording in skeletal muscle confirmed that mitochondria display increases in [Ca 2+ ] m that closely follow [Ca 2+ ] c transients under both single twitch and tetanic stimulation (Rudolf et al., 2004; Rogers et al., 2007) . Another elegant study identified a subset of mitochondria that displayed a rise in [Ca 2+ ] m upon caffeine stimulation even when global [Ca 2+ ] c transients were buffered by BAPTA, further supporting a local SR-mitochondrial Ca 2+ transfer (Shkryl and Shirokova, 2006) . Furthermore, mitochondria were found to attenuate spontaneous [Ca 2+ ] c sparks and transients in proportion to their abundance in fibers (Isaeva et al., 2005) .
A recent electrophysiology study recorded the current through the mitochondrial Ca 2+ uniporter in mitoplasts isolated from mitochondria of both skeletal and cardiac muscle (Fieni et al., 2012) . Interestingly, the Ca 2+ conductance of the uniporter was much higher in skeletal-muscle-derived than in cardiac-musclederived mitoplasts. Similarly, the mRNA levels of the putative pore-forming protein (MCU) and of an essential regulatory protein (MICU1) of the uniporter were also found to be higher in skeletal-muscle-derived mitoplasts than in those derived from cardiac muscle (De Stefani et al., 2011; Perocchi et al., 2010) . In the context of the local Ca 2+ transfer from SR to the mitochondria, it will be important to evaluate the distribution of the uniporters in the highly folded IMM and their alignment with the SR Ca 2+ source and with the VDACs in the OMM.
Relevance of SR-mitochondrial Ca 2+ transfer for oxidative metabolism in skeletal muscle When [ATP] was measured using mitochondria-targeted luciferase it was found to be elevated during [Ca 2+ ] m transients that are triggered by membrane depolarization in myotubes, confirming the competence of SR in transferring Ca 2+ to mitochondria to stimulate oxidative metabolism (Jouaville et al., 1999 (Caputo and Bolanos, 2008) . Thus, the RyR-mediated mitochondrial transfer of Ca 2+ is relevant for the control of oxidative metabolism and likely allows a local feedback regulation of [Ca 2+ ] c signaling through mitochondria, both in cardiac and skeletal muscle.
ROS as regulatory signaling factors in cardiac and skeletal muscle
The roles of mitochondria and of SR/ER-localized ROS producers, such as the electron transport chain and NAD(P)H oxidase (NOX) enzymes (reviewed in Duchen, 2004; Csordás and Hajnóczky, 2009 ) are depicted in Fig. 3C . In cardiomyocytes, mitochondrial ROS-induced ROS release has been described in response to light-induced ROS production and occurs through either opening of the mitochondrial permeability transition pore (PTP) (Zorov et al., 2000) or an IMM anion channel (Aon et al., 2003) . Here, ROS waves do not depend on mitochondrial Ca 2+ uptake. Spatially and temporally confined bursts of superoxide anion production ('flashes') by mitochondria have also been documented by means of a mitochondria-targeted circularly permuted YFP (cpYFP) and a superoxide-sensitive fluorophore, mitoSOX, in cardiomyocytes , skeletal muscle fibers (Pouvreau, 2010; Wei et al., 2011) and living animals (Fang et al., 2011) . The reported flashes are not dependent on the transfer of Ca 2+ from the SR to mitochondria. Nonetheless, the nature of flashes reported by cpYFP remains a subject of discussion, as they have also been attributed to pH fluctuations (Schwarzländer et al., 2012) . Although the measurement of mitochondrial ROS in cells remains difficult, and, practically no measurement of SR ROS is available, recently introduced fluorescent protein-based H 2 O 2 and glutathione reporters (such as HyPer, Grx1-roGFP) might facilitate reliable organelle-specific ROS measurements.
With regard to the specific targets of redox modifications, both RyR1 and RyR2 possess a number of reactive cysteine residues. Hyperactive cysteine residues that are susceptible to either Snitrosylation or S-glutathionylations have been identified for RyR1 (Voss et al., 2004; Aracena-Parks et al., 2006) . Modification of RyR1 by nitric oxide in a calmodulindependent manner has also been reported (Eu et al., 2000) . Nitric oxide synthase was found localized to cardiac SR, and polynitrosylation was shown to induce progressive activation of RyR2 (Xu et al., 1998; Xu et al., 1999) . SR/ER Ca 2+ ATPase (SERCA) is another target of redox modifications. Oxidation of SERCA1 in skeletal muscle by peroxinitrite causes an attenuation of activity of the Ca 2+ pump (Sharov et al., 2006) . On the mitochondrial side, a vast body of evidence supports the activation of the PTP by ROS in cardiac muscle (Brookes et al., 2004; Halestrap et al., 2004) . Thus, several key factors of the SRmitochondrial Ca 2+ transport are known to be subjected to redox modulation in cardiac and skeletal muscle. Additional redox targets are likely to be added to the list when the proteins that are redox-modulated in other tissues (e.g. VDAC; Madesh and Hajnóczky, 2001) or have just been identified (e.g. proteins forming the uniporter, such as MCU and MICU1) are tested in the muscle.
In cardiomyocytes, mitochondria-derived ROS have been implicated in the modulation of RyR2-mediated Ca 2+ spark activity, supporting a local control of SR Ca 2+ release by mitochondrial ROS (Yan et al., 2008; Zhou et al., 2011) . The activity of NOX has also been linked to the regulation of RyR2-mediated Ca 2+ -induced Ca 2+ release (Cherednichenko et al., 2004; Sánchez et al., 2005) . In skeletal muscle, NOX has been localized at the TTs, a favorable position for it to perform redox modifications of RyR1 . In addition, the NOX isoform 4 has been recently described as localizing to the SR and to co-immunoprecipitate with RyR1, thereby locally modulating its Ca 2+ release activity (Sun et al., 2011) . Taken together, the results described above indicate that ROS that are produced in the mitochondria and SR can exert local control of the Ca 2+ transport by the SR. Owing to the spatial separation between RyR and mitochondria through the transverse tubules (TTs), SERCAs might become more accessible and thus more relevant at low levels of mitochondrial ROS production. However, although ROS production by the SR/ER has been established (Enyedi et al., 2010) , its relevance for the regulation of mitochondrial Ca 2+ transport needs further study.
Disease relevance of Ca 2+ and ROS signaling at the SR/ER-mitochondria interface in cardiac and skeletal muscle Despite the growing structural and functional evidence for SRmitochondrial local communication, its relevance for muscle dysfunction has only recently been considered. This section reviews the scattered clues for the relevance of SR-mitochondria interactions in pathological models (summarized in Table 1 ).
Mitochondrial PTP opening as a consequence of hypoxia or reoxygenation has been recently described in perfused heart. Here, the PTP-opening-induced depolarization propagates from cell to cell and is preceded by Ca 2+ and ROS waves that are sensitive to scavengers (Davidson et al., 2012) . Ca 2+ and ROS increases can be locally amplified by positive-feedback mechanisms at the SR-mitochondria associations (Fig. 4) . In another line of investigation, conditional depletion of mitofusins has been reported to induce respiratory dysfunction of cardiomyocytes and progressive dilated cardiomyopathy . Depletion of MFN2, but not MFN1, causes the pacing-induced Ca 2+ transients to become larger, which is accompanied by a decreased mitochondrial Ca 2+ accumulation and oxidative response . As the SRmitochondrial contact length is only decreased in the MFN2-deficient cells, cardiomyocyte dysfunction has been attributed to impaired SR-mitochondrial coupling rather than to a suppressed mitochondrial fusion activity .
The mitochondrial contribution to several genetic diseases has been tested in skeletal muscle tissue. For example, patients with malignant hyperthermia (MH) and central core disease (CCD) (Rosenberg et al., 2007; Treves et al., 2008) often show mutations in the RyR1, which leads to altered [Ca 2+ ] c and [Ca 2+ ] m transients (Brini et al., 2005) . In the RyR1(Y522S) knock-in mouse model of MH, RyR1(Y522S) undergoes redox modifications due to elevated ROS and becomes leaky. These changes are accompanied by severely damaged and enlarged mitochondria (Durham et al., 2008) . The mice present disrupted mitochondria early in development and muscles with extended contracture areas that lack SR or mitochondria (at two months of age) (Boncompagni et al., 2009 ). In another knock-in mouse model of MH, RyR1(R163C), bioenergetics defects, including elevated [Ca 2+ ] m and ROS, and decreased oxidative phosphorylation have been reported (Giulivi et al., 2011) . These results imply that there is a Zhou et al., 2010; Yi et al., 2011) Duchenne muscular dystrophy (dystrophin mutations) Robert et al., 2001a; Shkryl et al., 2009; Bellinger et al., 2009; Millay et al., 2008; Goonasekera et al., 2011 (Chang et al., 2012) Smooth muscle atrophy (CSQ-1 knockout) (Paolini et al., 2007) Aging and/or sarcopenia (RyR1, b-amyloid) Boncompagni et al., 2012) n.d., not determined.
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RyR1-mediated Ca 2+ overload and subsequent mitochondrial injury in MH and CCD (Fig. 4) . The altered Ca 2+ homeostasis appears to facilitate ROS production, which, in turn, might exert important local feedback effects on RyR and other Ca 2+ transport mechanisms.
Amylotrophic lateral sclerosis (ALS) is characterized by neuromuscular degeneration and muscle atrophy; 20% of the cases (familial ALS) are commonly associated with superoxide dismutase 1 (SOD1) mutations (Kunst, 2004) . In skeletal muscle fibers derived from the SOD1(G93A) knock-in mouse model, depolarized mitochondria have been found in the area surrounding the neuromuscular junction (Zhou et al., 2010) . Osmotic stress triggers Ca 2+ release waves that are confined to the area of depolarized mitochondria. However, Ca 2+ waves propagate throughout the muscle fibers upon inhibition of mitochondrial Ca 2+ uptake by an uncoupler or Ru360 (Zhou et al., 2010) . Furthermore, in the regions of depolarized mitochondria, [Ca 2+ ] c signals that are associated with depolarization-induced excitation-contraction (EC) coupling are increased, whereas the amplitude of the [Ca 2+ ] m transients is decreased (Yi et al., 2011) . These data indicate that SOD1 mutations might cause mitochondrial injury that leads to a local dysregulation of EC coupling.
Studies of the mdx mouse model of Duchenne muscular dystrophy, which is characterized by loss-of-function mutations in the cytoskeleton-to-extracellular matrix-anchoring protein dystrophin, have shown elevated resting [Ca 2+ ] c owing to leaky sarcolemma channels (Hopf et al., 1996) . Elevated resting SR [Ca 2+ ] and a larger decrease in response to membrane depolarization or caffeine, are associated with augmented [Ca 2+ ] m transients in mdx skeletal muscle myotubes, demonstrating dysregulation of SR and mitochondrial Ca 2+ signaling (Robert et al., 2001a) . Furthermore, skeletal muscle fibers from mdx mice display elevated ROS levels that are produced by NOX, increased [Ca 2+ ] c transients that lead to mitochondrial Ca 2+ overload, and increased superoxide production (Shkryl et al., 2009) . Another study also found nitrosylation of RyR1, dissociation of the stabilizing protein FKBP12 (calstabin) and a subsequent increase in spontaneous RyR1 activity and force reduction (Bellinger et al., 2009) . The observed enhanced cell death in mdx skeletal muscle has been attributed to a mitochondrial Ca 2+ overload and PTP opening (Millay et al., 2008) . Furthermore, reduced SERCA activity has also been described in mdx muscles (Kargacin and Kargacin, 1996) , and SERCA overexpression promotes an improvement of the dystrophic phenotype, including mitochondrial injury (Goonasekera et al., 2011) . Although it is difficult to align these observations along a linear disease-causing pathway, they support the notion that enhanced SR-mitochondrial local Ca 2+ transfer, Ca 2+ overload-induced mitochondrial injury and ROS, which facilitate or induce these changes, all have an important role. In addition to the conditions described above, dysregulation of SR and mitochondrial Ca 2+ signaling is implicated in several other genetic conditions and in aging (see Table 1 ). The cited examples also present a variety of adaptative or compensatory processes that might be associated with impaired function of the SR-mitochondrial interface.
A common pathogenic mechanism could be an amplification loop that is generated by the impairment of a component of the local Ca 2+ or ROS signaling that triggers activation of the PTP and OMM permeabilization (Fig. 4) . This amplification loop could be strengthened by means of ROS-induced ROS release, or Ca 2+ -induced Ca 2+ release, that then propagate throughout the mitochondrial population (Ichas et al., 1997; Zorov et al., 2000; Pacher and Hajnóczky, 2001; Aon et al., 2003) . A vast amount of evidence has already demonstrated the deleterious effects of mitochondrial Ca 2+ overload, ROS generation and PTP opening during heart ischemia-reperfusion (Brookes et al., 2004; Halestrap et al., 2004; Csordás and Hajnóczky, 2009; Di Lisa et al., 2011; Rasola and Bernardi, 2011) . However, a systematic evaluation of the same mechanism in other cardiac or skeletal muscle diseases has not yet been performed. release, or activation of the PTP by Ca 2+ . Prolonged PTP activation initiates mitochondrial membrane permeabilization, leading to dissipation of the mitochondrial membrane potential and release of apoptotic factors from the intermembrane space to the cytoplasm, which then can initiate cell death. MCU, mitochondrial Ca 2+ uniporter.
Concluding remarks
Ultrastructural studies combined with recent measurements of Ca 2+ and ROS have provided evidence that the SR/ER is engaged in intimate structural and functional interactions with mitochondria in cardiac and skeletal muscle. In the muscle, but not in many other tissues, these interactions show a periodic spatial pattern and are likely to be relatively stable over time owing to the sarcomeric structure that is framed by the myofilaments. However, contractile activity might involve dynamic changes at the interface between SR/ER and mitochondria, which requires further studies. Furthermore, only a few clues are available with regard to the molecular composition of the SR/ER-mitochondrial interaction sites. At this point, several potential functions of the interface, such as phospholipid synthesis, apoptotic signaling, protein transfer and mitochondria fission, among others, remain untested in the muscle and, therefore, their participation in disease mechanisms is unclear. Identification of the proteins at the SR/ERmitochondrial interface, for example, the tethers, will allow to specifically target the coupling and, in turn, might help to dissect its physiological and pathophysiological relevance. Novel technologies that enable the measurement of the functional changes at the specialized domains marking SR/ERmitochondrial associations will help to elucidate the local transport and signaling mechanisms. Importantly, future studies also have to consider different types of skeletal muscle (e.g. fast twitch versus slow twitch) and the distinct properties of the different subsets of mitochondria in both cardiac and skeletal muscle. However, even on the basis of the current knowledge, it is safe to predict that the local coupling of mitochondria to the SR/ER will be found to be central to the function and dysfunction of the muscle, which is among the tissues most dependent on SR Ca 2+ regulation and mitochondrial ATP production.
